Introduction
============

Since its inauguration in 1895 by Jadassohn \[[@B1]\], the patch test (PT) is believed to be the \"gold standard\" in the diagnosis of allergic contact dermatitis (ACD). However, the method of patch testing has repeatedly been questioned \[[@B2]-[@B6]\] for its limited validity and reproducibility and it is therefore by no means uniformly accepted as a reliable test method. As a variant of patch testing, tape stripping the skin prior to patch testing was first mentioned in 1953 by Spier and Natzel \[[@B7]\]. Since then, the strip patch test (SPT) is used in some places to obtain more valid and reliable test results \[[@B8]-[@B13]\].

Although a non-in vivo test would be desirable, to date, none of the established in vitro tests for the diagnosis of ACD (e.g., LTT, MELISA^®^, ELISpot assay) fulfils the requirements of a practical test with sufficient validity and reliability \[[@B5],[@B14]-[@B17]\]. An advanced approach is the flow cytometric analysis of CD69 up-regulation on T lymphocytes in vitro \[[@B18]-[@B21]\]. As previously reported, metal ions released from orthopedic implants in patients with metal prostheses increased the expression of CD69 activation antigen on CD3+ lymphocytes considerably and flow cytometry proved to be an easy and reliable method for detection \[[@B19]\]. The expression of the CD69 activation antigen on CD4+ T cells after stimulation with drugs has been just recently evaluated in a pilot study and shown to discriminate well between drug-allergic and non-allergic patients \[[@B21]\].

Based on the additional findings of Moed et al. \[[@B22]\] that nickel-allergic patients are characterized by a CD4+ CD45RO+ CLA+ T cell phenotype, we designed a study to analyze the extent of CD69 activation antigen expression on CD4+ CLA+ T cells in nickel-sensitive and non-nickel-sensitive patients using flow cytometry. Our flow cytometric assay would offer some advantages over the classical LTT, as it provides results after 72 h instead of 7 days and does not require ^3^H-thymidine incorporation. We measured association between CD69 up-regulation on CD4+ CLA+ T cells on the one hand and PT, SPT, and clinical history on the other hand.

Methods
=======

The prospective, investigator-blinded, clinical study was approved by the ethics committee of the Medical Faculty of the Ruhr University Bochum. Procedures were explained in detail to all patients, who signed informed consent forms prior to participation.

Patient recruitment procedure
-----------------------------

Patients had to be at least 18 years old and had to have clinically normal skin. Exclusion criteria were pregnancy, lactation, intake of immunosuppressive or immune modulating drugs such as glucocorticoids or cyclosporine, topical use of glucocorticoids at the back, and intense UV exposure on the back within the last 4 weeks prior to patch testing, respectively.

To optimize statistical power and discrimination between PT and SPT, patients were selected according to their PT and SPT results to nickel sulfate 5% pet. following a prespecified protocol. This aimed for half of the study patients being PT positive and SPT positive, respectively. We defined patients as being \"nickel-sensitive\" if either one of the patch tests was positive, or if the clinical history indicated a delayed-type sensitization (DTS).

To avoid the influence of a positive PT or SPT, blood samples were taken at least 6 weeks after patch testing \[[@B22]\]. At the time of blood sample collection, in any patient symptoms of DTS had subsided. All blood tests were obtained between 2009-03-09 and 2009-07-06; they were coded and performed within 2 h. Patients received a small allowance for taking of blood samples.

Patch test and strip patch test
-------------------------------

PT was performed according to standard methodology \[[@B23]\]. SPT was performed according to our standardized method described in details elsewhere \[[@B11],[@B12],[@B24]\]. Tape stripping was carried out with a 3M™ Blenderm™ surgical tape (3M™ Medica, 3 M Deutsch land GmbH, Neuss, Germany; metric 25 mm × 4.5 m); any body hair was removed before with a 3M™ Clipper.

Patients were tested on the upper back with nickel sulfate 5% pet. supplied by HERMAL, Reinbek, Germany. Small Finn Chambers on Scanpor^®^(Epitest Ltd Oy, Tuusula, Finland) were used. PT and SPT were applied to the left and right side of the upper back with one randomly chosen side tape stripped for the SPT. Other patch test batteries were applied conventionally as appropriate to the patient\'s presenting complaints. Tests were uniformly removed after 24 hours and readings were routinely performed at D1 (24 h) and D3 (72 h). Positive results are reported based on the second reading. The tests results were graded using the classification system of the ICDRG \[[@B25]\] and dichotomized for statistical analysis. All \"+\", \"++\", and \"+++\" positive results were summarized as positive responses, whereas doubtful \"?/(+)\", irritant \"IR\", and negative \"-\" reactions counted as negative responses.

Clinical history
----------------

DTS to nickel sulfate was determined following an algorithm that used information on four questions on (i) intolerance to fashion jewelry, (ii) jeans button eczema, (iii) hand eczema by working galvanic processes, and (iv) sensitization proved by PT in the past. Patients were classified as to whether or not they had a DTS to nickel sulfate based on their responses (\"sensitized\" by definition if ≥ 2 questions were positively answered) prior to undergoing the patch tests.

PBMC isolation and culture
--------------------------

Twenty milliliters of blood was collected from all the patients and placed into two BD Vacutainer^®^CPT™ cell preparation tubes with sodium heparin (Becton, Dickinson and Company, NJ, USA; No. 362753). PBMC were isolated from heparinized blood samples by density centrifugation on Heraeus Megafuge 16R (Thermo Scientific, MA, USA) for 20 min at 1800 ×g. The collected PBMC were washed twice with D-PBS (Invitrogen Corporation, CA, USA; No. 14190) by centrifugation for 6 min at 250 ×g and then resuspended in culture medium composed of RPMI-1640 medium supplemented with ~L~-glutamine (SIGMA-Aldrich company, Ayrshire, UK; No. R8758), 10% autologous serum, and 1% stabilized antibiotic antimycotic solution (SIGMA-Aldrich company; No. A5955). PBMC suspensions at a concentration of 1 × 10^6^viable cells/ml were prepared; cell viability was measured by exclusion of 0.4% trypan blue.

PBMC (100 μl) were plated in duplicate (1 × 10^5^/well) in 96-well flat-bottomed plates (Greiner Bio-one GmbH, Essen, Germany). Stimuli were: 100 μl of fresh culture medium as negative control (composed as mentioned above), 100 μl of each non-cytotoxic nickel sulfate concentration (10^-5^M, 2.6 μg/ml; 10^-6^M, 262.8 ng/ml; 10^-7^M, 26.3 ng/ml), and 100 μl of each PHA-P concentration as positive controls (5.0 μg/ml; 2.5 μg/ml; SIGMA-Aldrich company, Ayrshire, UK; No. L1668). Cell cultures were incubated at 37°C in a humidified 95% air/5% CO~2~atmosphere for 72 h \[[@B21],[@B26]\] (CO~2~water jacketed incubator NU 4500E; NuAire Inc., MN, USA).

The raw material nickel sulfate hexahydrate (NiSO~4~·6H~2~O; CAS No. 10101-97-0) used for the fabrication of the patch test substance nickel sulfate 5% pet. was purchased from HERMAL, Reinbek, Germany. The freshly prepared stock solution of nickel sulfate (10^-2^M, 2.6 mg/ml) was centrifuged and filtered onto 0.22 μm pore filter in order to eliminate any particulate residual. In preliminary sets of samples (n = 12; data not shown) higher concentrations of nickel sulfate (10^-3^M, 262.8 μg/ml; 10^-4^M, 26.3 μg/ml) showed cytotoxic effects whereas lower concentrations (10^-8^M, 2.6 ng/ml; 10^-9^M, 262.8 pg/ml) showed no effects.

Flow cytometric analysis of CD69 Up-regulation
----------------------------------------------

After incubation the PBMC were washed with D-PBS and then surface stained for 30 min in the dark at 4°C with a suspension of mAb for detection of CD69-activated CD4+ CLA+ T cells: anti-CLA-FITC/anti-CD4-PE-Cy7/anti-CD45-PerCP-Cy5.5/anti-CD69-APC/anti-CD3-APC-H7 (BD Biosciences, CA, USA).

The proportion of CD45/CD3/CD4/CLA/CD69-positive PBMC was evaluated on ≥ 20,000 events within the scatter gate CD3 using a 3 laser (488, 405, 633 nm) 8 parameter FACSCanto™ II flow cytometer with FACSDiva™ software (BD Biosciences, CA, USA). The results were normalized for heterogeneous background proliferation. Thus, a ratio (\"activation index\", AI) \[[@B19]\] between the percentage of CD45/CD3/CD4/CLA/CD69-positive cells stimulated with nickel sulfate and the percentage of the control cells stimulated with culture medium only was expressed. An AI value \< 0.9 may be interpreted as \"low activation\", ≥ 0.9 and \< 2 as \"normal activation\", and ≥ 2 as \"high activation\"/\"positive\" \[[@B19],[@B21],[@B26]\]. We used the maximum AI across the three nickel sulfate concentrations (10^-5^M, 10^-6^M, 10^-7^M) for statistical analysis.

Blinding
--------

The reading physician (H.D.) was blinded with respect to (i) the clinical history and (ii) which side of the patient\'s back was tape stripped. Unblinding was done after the second reading for clinical interpretation of test results. The laboratory technician performing the flow cytometric assay of CD 69 up-regulation (S.H.) was blinded with respect to (i) the clinical history and (ii) the patch test results.

Statistical analysis
--------------------

For descriptive purposes, we report categorical variables as absolute (relative) frequencies, and continuous variable as median (min-max, Q1, Q3). To measure association between flow cytometric assay of CD 69 up-regulation (maximum AI) on the one hand and PT, SPT, and clinical history on the other hand, we applied ROC analysis and the corresponding c statistic measuring the area under the ROC curve. The c statistic can be conveniently interpreted as the probability of a PT positive (or SPT positive, or clinical history positive) patient having a larger maximum AI, than a PT negative (or SPT negative, or clinical history negative) patient. Thus, values of the c statistic of 0.5 corresponds to purely random association, whereas values of 0 or 1 correspond to a perfect association. All c statistics are given with the respective 95% CIs. Statistical analyses were conducted with SAS^®^(SAS Institute, Cary, NC, USA), Version 9.2., where the newly introduced ROC statement in the LOGISTIC procedure allows ROC analysis and calculates CIs for the c statistic.

Results
=======

Demographic and clinical characteristics of the 85 nickel-sensitive (n = 44; 51.8%) and non-nickel-sensitive patients (n = 41; 48.2%) enrolled in the study are summarized in Table [1](#T1){ref-type="table"}.

###### 

Demographic and clinical patient characteristics (N = 85).

  Characteristica                              Value
  -------------------------------------------- --------------------------
  **Age**(years), median (min-max, Q1, Q3)     53 (18-75, 44, 60)
  Sex, n (%)                                   
  female                                       60 (70.6)
  male                                         25 (29.4)
  **Fitzpatrick skin phototype**, n (%)        
  I                                            1 (1.2)
  II                                           64 (75.2)
  III                                          19 (22.4)
  IV                                           1 (1.2)
  V, VI                                        0 (0)
  **CD69 up-regulation by Ni stimulation**     
  AI\*, median (min-max, Q1, Q3)               2.5 (0.3-61.0, 1.5, 5.7)
  **Positive skin reaction to Ni**, n (%)      
  in PT on D3                                  21 (24.7)
  in SPT on D3                                 37 (43.5)
  **Positive clinical history to Ni**, n (%)   31 (36.5)

Q1 = 25^th^percentile; Q3 = 75^th^percentile; Ni = nickel sulfate; D3 = second reading at 72 h; \* = AI is defined as the maximum AI across the three nickel sulfate concentrations (10^-5^M, 10^-6^M, 10^-7^M).

Association of the flow cytometric assay of CD 69 Up-regulation versus PT, SPT and clinical history
---------------------------------------------------------------------------------------------------

There was no association between the extent of CD69 activation antigen expression on CD4+ CLA+ T cells in vitro and PT, SPT, and clinical history. C statistics differed only marginally from the value of no association, which is 0.5 (Figure [1A-C](#F1){ref-type="fig"}).

![**Area under the ROC curve (c statistic) for flow cytometric assay of CD69 up-regulation predicting in vivo test results (A, B) and clinical history (C)**.](2047-783X-15-7-303-1){#F1}

Prediction of sensitization by PT SPT, and flow cytometric assay of CD 69 up-regulation
---------------------------------------------------------------------------------------

In relation to the clinical history, PT alone predicts satisfyingly the sensitization to nickel sulfate (c = 0.69, 95% CI: 0.59-0.79). The prediction accuracy could be improved significantly to good by additionally performing the SPT (c = 0.83, 95% CI: 0.74-0.92). However, no further diagnostic information could be gathered by additionally using the results of the flow cytometric assay of CD69 up-regulation on CD4+ CLA+ T cells (c = 0.83, 95% CI: 0.74-0.93).

Discussion
==========

In the present study the flow cytometric assay of CD69 up-regulation on CD4+ CLA+ T cells could not predict neither a positive PT or SPT result nor a positive clinical history to nickel sulfate (Figure [1A-C](#F1){ref-type="fig"}). On the contrary, we found relevant improvements in prediction of clinical history-based nickel sensitization beyond PT by the SPT, but not by our flow cytometric assay.

In the in vitro tests so far, the response of PBMC to nickel sulfate generally appeared to be variable, and at best weakly correlated with the PT response \[[@B27],[@B28]\]. Association with the SPT response was never investigated before. Nevertheless, the PT is usually the reference standard against which in vitro tests are compared \[[@B14],[@B15],[@B27],[@B29]\], despite its numerous methodological drawbacks (e.g., false-positive and false-negative test results) \[[@B20]\]. Only few authors have like us additionally focused on assessing association of in vitro tests and clinical history \[[@B30]\].

Methodological aspects concerning the discordant results
--------------------------------------------------------

First, the basis of the study was the observation of Moed et al. \[[@B22]\] that CD4+ CD45RO+ CLA+ and not CD8+ T cells proliferate and produce cytokines in response to nickel. Additionally, they confirmed that CLA can serve as a preselection marker to improve detection of antigen-specific T cells in patients with suspected ACD. In the initial sensitization phase, naive T cells in the regional lymph nodes are primed by local antigen-bearing DC and expand clonally \[[@B31],[@B32]\]. By expressing CLA which is a specific chemokine receptor involved in lymphocyte homing to skin, these T cells are then enabled to circulate throughout the blood into the dermis \[[@B19],[@B33],[@B34]\]. In the following elicitation phase, the T-cell mediated ACD reaction occurs normally 24-72 h after re-exposure to antigen \[[@B32]\]. Within the first 24 hours, the integral membrane protein CD69 is transiently expressed on the antigen-specific T cells and acts as a co-stimulator for T cell activation and proliferation. Thus, it was reasonable to postulate that an expression assay of CD69 on CD4+ CLA+ T cells is a promising readout test of DTS. However, we omitted staining with anti-CD45ROFITC due to a too high restriction resulting in a small number of analyzable T cells. Second, it is reported that nickel sulfate has in contrast to other metal salts non-specific stimulatory properties in vitro which still is a major problem \[[@B14],[@B15],[@B17]\]. In our study we obtained the raw material of nickel sulfate hexahydrate straight from the production process of the patch test substance and the highest concentration used for stimulation was 2.6 μg/ml \[[@B14]\]. Thus, a cytotoxic or mitogenic effect of the nickel concentrations should be unlikely because concentrations of nickel sulfate greater than 5.0 μg/ml were found to stimulate cells from certain non-sensitized individuals, i.e. induce false positive test results \[[@B27],[@B29]\]. Additionally, from our data (median AI = 2.5, Table [1](#T1){ref-type="table"}) it is unlikely that the flow cytometric assay of CD69 up-regulation on CD4+ CLA+ T cells produced false negative test results because of a too weak activation of T cells by nickel sulfate \[[@B21]\].

Biological aspects concerning the discordant results
----------------------------------------------------

First, Beeler et al. \[[@B21]\] showed only recently that flow cytometric measurement of CD69 up-regulation on CD4+ T cells is a promising alternative to LTT in diagnosing drug hypersensitivity. However, they reported that the high frequency of activated T cells could not be explained by a rapid expansion of few drug reactive T cells and that only up to 5% of CD69+ T cells reacted to drug stimulation with cytokine production. Thus, they distinguished between two subsets of T cells: (i) few drug-reactive T cells, which are most likely identical to the proliferating and/or cytokine-secreting T cells, and (ii) many drug-activated \"bystander\" T cells, which reacted to cytokines secreted by the \"truly\" drug-specific T cells. From this they argued that this does not affect the specificity of the test, but substantially increases its sensitivity. Second, a positive in vitro test together with a negative PT or SPT could be explained by the fact that nickel-specific T cells were found in patients without nickel allergy \[[@B14]\]. On the contrary, there is a positive PT or SPT and a negative in vitro test which might theoretically be due to nickel-specific cells homing to the site of local skin reaction. Finally, different T cell subsets may be activated in vitro and in vivo upon contact with nickel sulfate and could explain non-correlating test results \[[@B32]\].

Conclusion
==========

The flow cytometric assay of CD69 up-regulation on CD4+ CLA+ T cells as an alternative to existing in vitro tests is no help for diagnosing ACD to nickel. In consequence, the combination of clinical history and patch test results continues to be the basis for the diagnosis of ACD \[[@B17]\]. Further studies are needed in search of an innovative in vitro test method with sufficient discrimination between allergic and non-allergic patients \[[@B26]\].
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